In this study, a calculation procedure of gas/liquid mass transfer capacity coefficients based on liquid/ liquid ones was developed and cold model studies on benzoic acid transfer between water and liquid paraffin, and oxygen transfer among water, liquid paraffin and air was carried out under various top/bottom blowing rates and liquid/liquid volume ratios. The liquid/liquid mass transfer rate increased with the increase in a top blowing rate, but the increasing rate of a larger vessel diameter to the top blowing rate was lower than that of a smaller one. The gas/liquid mass transfer rate increased with the increase in both of top and bottom blowing rates, but the difference became reduced with the increase in the top blowing rate. The bottom blowing rate to minimize the sum of the top and bottom gas flow rates was almost constant for a given gas/liquid or liquid/liquid mass transfer rate. The liquid/liquid mass transfer rate increased and the gas/liquid one decreased with the increase in liquid paraffin volume ratio to water. There was a roughly positive correlation between the liquid/liquid and gas/liquid mass transfer rates throughout a wide range of top and bottom blowing rates, but the tendency was the opposite under the condition of the same paraffin volume and total blowing rate.
Introduction
Both slag/metal and gas/metal reactions occur to remove impurities in steel melt in a converter. Cold model studies are conducted effectively to investigate mass transfer rates between different phases such as slag/metal and gas/metal, because a wide range of experimental condition can be set and effects of operation factors on mass transfer rate have been understood easily.
Many investigations on the slag/metal mass transfer rate have been carried out by using a variety of liquids to resemble the slag and metal. These are Hg -FeCl 3 aq., 1) NaOH aq.-n-hexane, 2) water -liquid paraffin, [3] [4] [5] water -kerosene, 6) water -benzene [7] [8] [9] [10] and water -oil 11) systems for bottom blowing, water -liquid paraffin 3) and water -benzene 10) systems for top blowing, and water -liquid paraffin 12) and water -oil 13, 14) systems for top/bottom blowing. On the other hand, cold model studies on the gas/metal mass transfer rate are as follows: NaOH aq. -CO 2 , [15] [16] [17] [18] [19] water -CO 2 , 9, 20, 21) water -O 2 22) systems for bottom blowing, NaOH aq. -CO 2 23) and water -O 2 22) systems for top blowing, and NaOH aq. -CO 2 24) and water -O 2 22) systems for top/bottom blowing. In the above studies, the effects of gas flow rate, bath depth, tuyere configuration etc. on the mass transfer rate between different phases have been examined, and in addition there have been a few studies 3, 10, 22) on a contribution of stirring energy, which was supplied into a bath, to the mass transfer rate by making a comparison among bottom, top and top/ bottom blowing.
However, there are few studies on a correlation between the liquid/liquid and gas/liquid mass transfer rates under the same vessel and operation conditions. As for the contribution of top or bottom blowing to accelerate the mass transfer rate between different phases, the liquid/liquid or gas/ liquid mass transfer rate in top/bottom blowing might have a different tendency compared with top blowing or bottom blowing independently.
The present work was intended to understand the correlation between the liquid/liquid and gas/liquid mass transfer rates. After developing a calculation procedure of both liquid/liquid and gas/liquid mass transfer capacity coefficients, the mass transfer rate of benzoic acid between water and liquid paraffin, which simulated the slag/metal system, and the mass transfer rate of oxygen among water, liquid paraffin and air corresponded to the gas/metal system were examined under the same operational condition using converter-typed vessels. Figure 1 shows a schematic diagram of experimental arrangement. Ion-exchanged water was used as a continuous phase, whereas liquid paraffin as a dispersed phase. A schematic view of a lance tip is shown in Fig. 2 . It has three straight type holes with 1.5 × 10 − 3 m in diameter. Each gas injection angle to the lance central axis was fixed to 15 degree. Figure 3 shows a schematic diagram of bottom blowing nozzle arrangement. Five nozzles with 3.0 × 10 − 3 m in diameter were set in a zigzag alignment. 25) Vessel dimensions are shown in Table 1 where the symbols are defined in Fig. 1 . Two kinds of vessel were used for the experiment.
Experiment
Air through the top blowing lance and the bottom blowing nozzles was introduced to ion-exchanged water deaerated by nitrogen injection and oxygen-saturated liquid paraffin by air injection. A conductance meter and a dissolved oxygen meter (DO meter) were put into water to measure temporal changes in benzoic acid and oxygen concentrations, 26) respectively. The liquid/liquid mass transfer rate from liquid paraffin to water was measured by a temporal change in benzoic acid concentration in water. On the other hand, the gas/liquid mass transfer rate, which was evaluated without differentiating between contributions of top and bottom blowing, was obtained from a temporal change in oxygen concentration moved from injected air through the top blowing lance and bottom blowing nozzles and from liquid paraffin to water.
Experimental conditions of the top and bottom blowing are shown in Table 2 . Gas flow rate from the top blowing lance was changed between 0 and 180 × 10 , of the equilibrium line is given by the ratio of C B,w * , which is benzoic acid concentration in water in equilibrium with that in liquid paraffin, to C B,oil , which is benzoic acid concentration in liquid paraffin. By using the overall driving force, (C B,w * − C B,w ), and overall mass transfer capacity coefficient of benzoic acid between liquid paraffin and water, K B,L − L a L − L , the mass transfer rate of benzoic acid from liquid paraffin to water is given by Eqs. (2) and (3). 
When both of the benzoic acid concentrations in liquid paraffin and in water are diluted sufficiently, the h B * value becomes constant. According to the Wilke-Chang equation 27) which enables to estimate diffusivities of benzoic acid in water and in oil, D B,w /D B,oil was calculated to be about 3.2. Assuming that the mass transfer coefficient was proportional to square root of the diffusivity proposed by Higbie, 27) 
) was calculated as follows: ... (4) where h B * is 0.445. 26) It means that a rate-determining step in the mass transfer rate of this system is mixing diffusion of benzoic acid in water and oil phases.
Mass balance of benzoic acid can be expressed by,
Substituting Eqs. (1) and (5) into (2) and eliminating C B,oil and C B,w * , Eqs. (6)- (8) are obtained from the initial condition of C B, w = 0:
can be obtained from a temporal change in C B,w and Eqs. (6)- (8). 3.1.2. Gas/liquid Mass Transfer Rate Figure 5 shows a schematic diagram of the oxygen transfer to liquid phases. Oxygen from air through the top blowing lance transfers to water (A) and liquid paraffin (C) directly. Oxygen in air bubbles injected through the bottom blowing nozzles also transfers to water (B) directly. The above oxygen travels between gas and liquid. On the other hand, oxygen moves between liquid paraffin and water (D) by the liquid/liquid mass transfer.
This oxygen transfer has an analogy with that of oxygen blowing in a top/bottom blowing converter. Oxygen through a top blowing lance transfers into steel melt (A) and slag layer (C) after partly producing iron oxide in the fire spot. Bottom blown oxygen also transfers into steel melt (B). However, inert gas bottom blowing makes oxygen in steel melt transfer to bubbles. In the case of slag/metal reaction, oxygen transfers from slag into metal (D) when the oxygen potential in molten slag is larger than that in steel melt.
The oxygen transfer from air and oxygen-saturated liquid paraffin to degassed water is given by the oxygen balance in water as follows,
where C O,w , C O,w,G − L * and C O,w * are oxygen concentrations in water, in equilibrium with oxygen in air and in equilibrium with oxygen in liquid paraffin, respectively.
The first and second items of the right side in Eq. (9) indicate the oxygen transfer rates from air to water (A and B in Fig. 5 ) and that from liquid paraffin to water (D in Fig.  5 ), respectively. In this study, the oxygen concentration in liquid paraffin is assumed to be kept saturated due to the sufficient oxygen transfer from air through the top blowing lance to liquid paraffin (C in Fig. 5) .
Integration of Eq. (9) under the initial condition of C O,w = C O,w,0 led to the following equations.
K O,L − L can be expressed by Eq. (13) as well as Eq. (3).
C O,w,G − L * in Eq. (11), which was equivalent to a saturated oxygen concentration in water during aeration treatment practices, was measured by a DO meter and resulted in 7.4 × 10 − 3 kg/m 3 at temperature of 298 K. The h O * value in Eq. (13) was obtained from the relationship between the dissolved oxygen concentrations in water and liquid paraffin after a hard shaking between water with various oxygen concentrations and degassed liquid paraffin in a closed vessel without air. The volumes of water and liquid paraffin were 1.6 × 10 − 4 m 3 and 8.0 × 10 − 5 m 3 , respectively. The relationship between dissolved oxygen concentrations in water and liquid paraffin is shown in Fig.  6 . It was found that the value of h O * in this study was 1.8. After the oxygen-saturated liquid paraffin by aeration and water with various oxygen concentrations were stirred As there is no slip at the liquid/liquid interface, each t exp,j value of liquid j( = liquid paraffin, water) is assumed to be equal. Then, Eqs. (3) and (13) leads to The relationship between the overall gas/liquid mass transfer capacity coefficient of oxygen, that is,
and Q T is shown in Fig. 9 . As seen in the upper (D = 0.350 m) graph and lower (D = 0.450 m) graph in Fig. 9 , the gas/liquid mass transfer rate increased with the increase in Q T or Q B , and the increasing rates for D = 0.350 m to Q T were lower than those for D = 0.450 m, which was contrary to the liquid/ liquid mass transfer rate in Fig. 7 . However, as for the bottom blowing, the difference in K O,G − L a G − L became reduced with the increase in Q T values, which meant the top blowing became dominant in the oxygen transfer test. It is due to the fact that the enhancement in Q B leads to insufficient time for bottom blown air to pass through water and to absorb oxygen from the air. 
Contours of Liquid/liquid and Gas/liquid Mass Transfer Rates
. At the condition of (10 3 Q T ) 0.5 > 5, the Q B value of the minimum dashed line was kept at (10 3 Q B ) 0.5 around 6.3, that is, Q B ≒4.0 × 10 − 2 Nm 3 /min. It might be interesting to note that the bottom blowing rate is kept almost constant for a given liquid/liquid mass transfer rate. Nm 3 /min, the bottom blown gas out of water disturbed the oxygen absorption at the air/water interface due to the top blown oxygen and suppressed the increase in the mobility between liquid paraffin and water. On the other hand, at the condition of Q B < 4.0 × 10 − 2 Nm 3 /min, the decrease in the bath motion by the bottom blowing reduces the oxygen absorption at the air/water interface and the liquid/liquid motion. However, the threshold value of Q B seemed to depend on the vessel dimension.
Effect of Volumetric Ratio of Liquid Paraffin to
Water on Liquid/liquid and Gas/liquid Mass Transfer Rates The relationship between the overall liquid/liquid mass transfer capacity coefficient and a volumetric ratio of liquid 9 . Relationship between gas/liquid mass transfer capacity coefficient and gas flow rate from a top blowing lance. paraffin to water is shown in Fig. 12 . Total gas flow rate was changed between 160 × 10 − 3 and 180 × 10 It was because the bottom blowing gas, which passed through the bath center, had a poor effect to accelerate the interfacial area between liquid paraffin near the vessel wall and water compared with the top blowing gas. The relationship between the overall gas/liquid mass transfer capacity coefficient and the volumetric ratio of liquid paraffin to water is shown in Fig. 13 . Total gas flow rate was also kept between 160 × 10 − 3 and 180 × 10 Fig. 12 , K O,G − L a G − L decreased with the increase in V oil /V w due to the increase in thickness of liquid paraffin which reduced the free surface of water and oxygen transfer through air from the top blowing lance (A in Fig. 5 ). However, the K O,G − L a G − L values at Q T /Q B = 120/50 and 90/70 increased at V oil /V w = 0.46. It could be due to the increase in the contribution of bottom blowing gas to oxygen transfer in water bath (B in Fig. 5 ). As the Fig. 12 , K O,G − L a G − L values at Q T /Q B = 90/70 were larger than the other top/bottom blowing condition at V oil /V w ≧0.093. The bottom blowing was estimated to be more effective in enhancing the gas/liquid mass transfer.
Relationship between Liquid/liquid and Gas/liquid
Mass Transfer Rates Figure 14 shows However, when Q T + Q B was between 160 and 180 (10 − 3 Nm 3 /min), that is, almost the same blowing rate, a negative correlation between liquid/liquid and gas/liquid mass transfer rates was recognized at each V oil /V w . The top blowing was more effective in liquid/liquid mass transfer as seen in Fig. 12 , whereas the bottom blowing rate contributed to gas/liquid mass transfer as shown in Fig. 13 .
Thus, a roughly positive correlation between liquid/ liquid and gas/liquid mass transfer rates was found in the wide range of experimental condition, and the tendency was opposite at the same total gas blowing rate and V oil /V w due to the different contribution to the mass transfer rate between top and bottom blowing.
The next problem is to analyze a correlation between gas/liquid and liquid/liquid mass transfer rates in multiple industrial converters by summarizing the typical gas/metal and slag/metal reaction rates throughout a wide range of top/bottom blowing rates and volumes of molten slag to steel melt.
Conclusions
A cold model study on a mass transfer rate of benzoic acid between water and liquid paraffin, which simulated a slag/metal system and a mass transfer rate of oxygen among water, liquid paraffin and air like a gas/metal system was carried out under the same operational condition of converter-typed vessels. Results obtained in this study were described as follows;
(1) A calculation procedure of the gas/liquid mass transfer capacity coefficient was developed on the basis of the liquid/liquid mass transfer capacity coefficient.
(2) The liquid/liquid mass transfer rate increased with the increase in a top blowing rate, but the increasing rate of a larger vessel to the top blowing rate was lower than that of a smaller one.
(3) The gas/liquid mass transfer rate increased with the increase in both of the top and bottom blowing rates, but its difference became reduced with the increase in the top blowing rate.
(4) The bottom blowing rate to minimize the sum of the top and bottom blowing rates was almost constant for a given gas/liquid or liquid/liquid mass transfer rate.
(5) The liquid/liquid mass transfer rate increased and the gas/liquid one decreased with the increase in the liquid paraffin volume ratio to water.
(6) There was a roughly positive correlation between the liquid/liquid and gas/liquid mass transfer rates throughout a wide range of top and bottom blowing rates, but the tendency was the opposite under the condition of the same paraffin volume and total blowing rate. 
